The eŠects of the substitution of glycine at position 42 with various other amino acid residues on the functions of CYP2D6 were studied using debrisoquine (DB) and bunitrolol (BTL) 4-hydroxylations as indices of drug-metabolizing enzymes. The substitution with hydrophobic amino acid residues such as valine and phenylalanine did not aŠect the enzymatic properties such as reduced CO-diŠerence spectra, microsomal CYP contents and oxidation activities towards DB and BTL. The substitution of glycine-42 with a polar but noncharged amino acid residue (serine) exhibited a similar reduced CO-diŠerent spectrum, but the substitution with a charged basic (lysine and arginine) or acidic (glutamic acid) amino acid residue commonly produced a peak at 420 nm in addition to a Soret peak at 450 nm. Cytochrome P450 contents and microsomal contents of G42S, G42K, G42R and G42E estimated spectrophotometrically and estimated by Western blot analysis, respectively, were lower than those of the wild-type. Kinetic analysis revealed that the substitution of glycine-42 with charged amino acid residues such as lysine, arginine and glutamic acid markedly increased the apparent K m values for DB and BTL oxidations without remarkable changes in the V max values. The subsitution with noncharged amino acid residues such as serine, valine and phenylalanine did not cause such a marked change in the K m values. E‹cien-cies (V max W K m ) as DB and BTL 4-hydroxylases of CYP2D6 mutant proteins having charged amino acid residues were found to be decreased mainly by increasing their K m values. These results indicate that the properties of amino acid residues at position 42 aŠect the behavior of CYP2D6 proteins such as anchoring into ER membranes, conversion of P450 to P420 and incorporation of heme into apoproteins.
Introduction
Cytochrome P450 2D6 (CYP2D6) is one of the important CYP enzymes involved in drug-metabolism. The content of this enzyme is about 2z of the total microsomal CYP, but it is mainly responsible for the oxidative metabolism of about 100 medicines often clinically prescribed. 1) CYP2D6 is also known to show genetic polymorphism, and over 70 alleles have been reported.
2) Some of the alleles cause non-or lessfunctional proteins compared with the wild-type in vivo and in vitro. 3) We have been studying the oxidation of optically active substrates by CYP2D enzymes in various animal species including human CYP2D6. [4] [5] [6] Using a yeast cell expression system, we have recently evaluated the function of the substitution of glycine with arginine at position 42 of CYP2D6, which occurs in CYP2D6*12 in combination with the substitutions of arginine with cysteine at position 296 and serine with threonine at position 486. 7) G42R substitution caused a drastic decrease in the microsomal content of CYP2D6 protein, and an increase in the apparent K m value for the oxidation of debrisoquine and bunitrolol as typical CYP2D6 substrates. 7) From these results, we thought it necessary to study the eŠect of the substitution of the amino acid residue, glycine, at position 42 with other amino acid residues for further understanding of its catalytic and functional importance in CYP2D6.
In this study, we constructedˆve mutated cDNAs of CYP2D6, which led to the substitution of glycine-42 withˆve kinds of amino acid residues (lysine, valine, phenylalanine, serine and glutamic acid). They were then expressed in yeast cells ( Saccharomyces cerevisiae AH-22 strain), and their enzymatic functions were evaluated and compared with G42R and the wild-type.
Materials and Methods
Materials: Bunitrolol (BTL) and 4-hydroxybunitrolol (4-OH-BTL) as hydrochlorides were obtained from Nippon Boehringer Ingelheim Co., Ltd. (Hyogo, Japan); debrisoquine (DB) and 4-hydroxydebrisoquine (4-OH-DB) as hemisulfates were from HoŠmann-La Roche (Basel, Switzerland); glucose 6-phosphate (G-6-P), G-6-P dehydrogenase and NADPH were from Oriental Yeast Co., Ltd. (Tokyo, Japan); cytochrome c and phenylmethane sulfonyl‰uoride were from Sigma Chemical Co. (St. Louis, MO, USA). Other reagents and solvents used were of the highest quality commercially available.
Site-directed mutagenesis and expression of mutated cDNA in yeast cells: Six mutant CYP2D6 cDNAs were prepared from CYP2D6 cDNA with a Quik Change Site-directed Mutagenesis kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's speciˆcations. Synthetic oligonucleotides that served as the mutagenic primers are listed ( Table 1) . Plasmid pBluescript II KS (＋) with CYP2D6 cDNA isolated from the host strain Escherichia coli XL1-Blue was used as the template. One of the clones obtained in each mutagenesis was subjected to DNA sequencing of the entire coding frame to conˆrm that the desired but not additional mutation was present. The mutation-bearing plasmid was digested with HindIII, and a HindIII-HindIII fragment containing a mutated CYP2D6 cDNA was released from this plasmid and inserted into HindIII-digested dephosphorylated pGYR1 to transform into Escherichia coli HB101. The yeast expression vector pGYR1 has a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter and includes the yeast NADPH-CYP reductase gene. 8) The vector containing a mutated CYP2D6 cDNA in the correct orientation with respect to the GAPDH was selected by DNA sequencing with a 5?-Cy5-labeled primer (5?-CTCAAGGGAGGATGTGTG-GGTGTGG-3?) prepared on the basis of the nucleotide sequence upstream of the GAPDH promoter. Finally, Saccharomyces cerevisiae AH22 was transfected with the pGYR1 containing a mutated CYP2D6 cDNA to express the corresponding mutanted CYP2D6 protein. 9) Expression experiments in yeast cells were performed twice for each CYP2D6 mutant protein, and similar results were obtained. Assays of CYP2D6 holo-and apoproteins: Microsomal fractions were prepared from yeast cells by a previously published method. 8) Total holo-CYP contents were spectrophotometrically measured as reduced carbon monoxide (CO) spectra by the method of Omura and Sato 10) using 91 mM -1 ･cm -1 as an absorption coe‹cient. Appropriate portions of yeast cell microsomal fractions and whole cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 10z slab gels. Following the electrophoresis, proteins on the gel were electroblotted to a PVDF membrane, and the proteins were analyzed by Western blotting according to the method of Guengerich et al.
11) using monoclonal antibodies raised against CYP2D6 (Daiichi Pure Chemicals, Co., Tokyo, Japan). Relative degrees of staining of the CYP2D6 protein bands on the membrane were assessed with NIH image, version 1.2 on the basis of a calibration curve that was made by using an insect cell microsomal fraction containing CYP2D6 (Daiichi Pure Chemicals, Co.) as the standard.
Assay of NADPH-cytochrome P450 reductase: Yeast cell microsomal NADPH-cytochrome P450 reductase was assayed by monitoring the reduction of cytochrome c according to a previously published method.
12) Protein concentrations were determined by the method of Lowry et al.
13)
Assay of oxidation activities of DB and BTL: DB 4-hydroxylase and BTL 4-hydroxylase activities were measured by high-performance liquid chromatography (HPLC) as described previously.
7)
Kinetics and data analysis: Enzyme assays and kinetics were performed twice with diŠerent lots of recombinant enzymes, and run as duplicate determinations. Activities and kinetic parameters were given as the mean values. Enzyme kinetic parameters ( Km and Vmax) were analyzed by non-linear least square regression based on a simplex method.
14)
Results Reduced CO-diŠerence spectra: The contents of holoenzymes in the microsomal fractions from yeast cells expressing each of six CYP2D6 mutant proteins were measured from their reduced CO-diŠerence Yeast microsomal fractions (3 mL) were placed in sample and reference cells (1×1 cm) and a baseline was obtained by scanning from 400 to 500 nm. The sample solution was then bubbled with CO gas for 1 min. Both the sample and reference solutions were reduced with sodium dithionite, and scanned from 400 to 500 nm again. Protein concentration was 2.0 mg W mL for all the samples except for G42R (4.0 mg W mL). A, wild-type; B, G42R; C, G42K; D, G42V; E, G42F; F, G42S; G, G42E. (Fig. 1) . The shapes of the spectra of G42V, G42F and G42S were essentially similar to that of the wild-type in having a Soret peak at 450 nm with almost no peak at 420 nm. In the spectra of CYP2D6 mutant proteins having charged amino acid residues such as arginine, lysine and glutamic acid, a peak at 420 nm in addition to a Soret peak at 450 nm was observed, and G42K was especially characterized by showing a prominent peak at 420 nm (Fig. 1) . Table 2 summarizes P450 contents that were calculated on the basis of the reduced CO-diŠerence spectra. As expected from the shapes of the spectra, the microsomal contents of G42V and G42F were close to the content of CYP2D6 wild-type, followed by G42R, G42E, G42S and G42K in descending order.
Western blot analysis of microsomal fractions and whole cell fractions: We have reported that the microsomal content of G42R determined by Western blot analysis was lower than that of CYP2D6 wildtype. 7) In the present study, Western blot analysis Samples (50 mg protein each) were applied to wells of 7.5z slab gel, and electrophoresed in the presence of sodium dodecyl sulfate. Proteins were then transferred to a PVDF membrane, and subjected to immunoblotting using monoclonal antibodies raised against CYP2D6. Lane 1, wild-type; lane 2, G42R; lane 3, G42K; lane 4, G42V; lane 5, G42F; lane 6, G42S; lane 7, G42E. revealed that, similarly to the previous results for G42R, the microsomal content of G42K was lower than that of CYP2D6 wild-type ( Fig. 2A) . Interestingly, the microsomal contents of G42S and G42E were also found to be lower than that of the wild-type, whereas the contents of G42V and G42F were at levels similar to that of the wild-type ( Fig. 2A) . In contrast, the immunoblot analysis of whole cell lysate fractions showed that the staining intensities of protein bands corresponding to each of the CYP2D6 mutant proteins in the whole cell fractions seemed to be similar to the wild-type (Fig. 2B) . DB 4-hydroxylase activities of CYP2D6 mutant proteins: To assess the functions of the CYP2D6 mutant proteins, microsomal DB 4-hydroxylase activities were measured at a substrate concentration of 100 mM, and compared with those of CYP2D6 wildtype. As shown in Fig. 3A , DB 4-hydroxylase activities of G42S and G42E were almost the same as those of the CYP2D6 wild-type, and the activities of G42V and G42F were slightly lower than those of the wild-type. The mutant protein G42K as well as G42R showed much lower activities.
Kinetic analysis of DB 4-hydroxylation by CYP2D6 mutant proteins: Employing substrate concentrations ranging from 2.5 to 250 mM, kinetic analyses of DB 4-hydroxylation by the mutant proteins were performed. Kinetic parameters are summarized in Table 3 . The wild-type yields an apparent Km of 15.2 mM, a Vmax of 3.40 nmol W min W nmol CYP and a clearance value (Vmax W K m ) of 0.23 mL W min W nmol CYP. In general, the K m values of CYP2D6 mutant proteins having a basic or an acidic amino acid residue at position 42 tended to be higher than the value of the wild-type, whereas the mutant proteins having a hydrophobic or a polar but noncharged amino acid residue at position 42 such as valine, phenylalanine or serine were found to have Km values close to that of the wild-type. In contrast to the Km values, the Vmax values of the mutant proteins did not vary so much, resulting in relatively small clearance values observed for the mutant proteins (G42R, G42K and G42E) having a charged amino acid residue instead of glycine.
BTL 4-hydroxylase activities of CYP2D6 mutant proteins: BTL enantiomers, (＋)-BTL and (-)-BTL (10 mM each), were used as substrates in these experiments. Interestingly, CYP2D6 mutant proteins (G42R and G42K) having a basic amino acid residue at position 42 exhibited diŠerent proˆles in BLT 4-hydroxylation, although they showed similar proˆles in DB 4-hydroxylation. That is, G42R exhibited BTL 4-hydroxylase activities at levels similar to those of the wild-type, whereas G42K showed much lower activities (Fig. 3B) . Furthermore, G42E showed slightly lower BLT 4-hydroxylase activities compared to those of the wildtype at a substrate concentration of 10 mM. The activities of the mutant proteins having a hydrophobic amino acid (G42V and G42F) and a polar but noncharged amino acid (G42S) were at levels similar to or slightly higher than those of the wild-type (Fig. 3B) .
Kinetic analysis of BTL 4-hydroxylation by CYP2D6 mutant proteins: Using various concecntrations of BTL enantiomers (from 0.1 to 50 mM each), kinetic analyses of BTL 4-hydroxylation by the mutant proteins were performed. In general, the apparent Km values of the mutant proteins for BTL 4-hydroxylation tended to be larger than the corresponding parameter of the wildtype ( Table 4) . Among them, the mutant proteins having a basic amino acid such as arginine and lysine instead of glycine at position 42 had remarkably higher Km values than those of the mutant proteins having a hydrophobic amino acid such as valine and phenylalanine at position 42. The mutant proteins having an acidic and a polar amino acid residue such as glutamic acid and serine gave moderately higher Km values. In contrast, the Vmax values were not so diŠerent among the mutant proteins except for G42S having a Vmax value 6-to 10-fold higher than that of the wild-type. As a result, the clearance values for G42K, G42R and G42E were remarkably lower than the value of the wild-type.
Discussion
A number of variants have been reported for the CYP2D6 gene, and their functions as drug-metabolizing enzymes remain to be systematically studied. Some variants have the substitution of amino acid residues around the N-terminal region of CYP2D6 protein resulting in decreased activities or no activity, i.e., CYP2D6*10 (P34S) and CYP2D6*12 (G42R). Previous results from this laboratory demonstrated that the substitution of glycine at position 42 with arginine markedly increased the apparent Km value for DB 4-hydroxylation. 7) Therefore, the eŠects of the substitution of glycine at position 42 with various other amino acid residues on the catalytic functions of CYP2D6 were examined in this study.
The substitution of glycine at position 42 with a hydrophobic amino acid residue such as valine or phenylalanine did not aŠect the shape of the reduced CO-diŠerence spectrum of CYP2D6 protein or its microsomal content estimated by Western blotting. Consistent with the results, the functions of G42V and G42F as DB and BTL 4-hydroxylases were similar to those of the wild-type on the basis of the kinetic analyses described above.
The substitution of glycine-42 with serine, a polar but noncharged amino acid residue, was found to give a diŠerent proˆle to the function of CYP2D6. The microsomal content of G42S was found to be about 30z that of the wild-type, and its reduced CO-diŠer-ence spectrum yielded only a Soret peak at 450 nm without another peak at 420 nm. Its DB and BTL 4-hydroxylase activities were comparable to or slightly higher than the wild-type, indicating that the substitution of glycine with serine at position 42 retains the enzymatic functions but decreases the e‹ciency of protein anchoring into the endoplasmic reticulum (ER) membranes.
Each of the CYP2D6 mutant proteins having charged amino acid residues such as arginine, lysine and glutamic acid at position 42 showed diŠerent proˆles in reduced CO-diŠerence spectra, but similar proˆles (lower contents) in Western blotting. G42R and G42E yielded a major and clear Soret peak at 450 nm, and showed a relatively small peak at 420 nm. The substitution of glycine-42 with lysine, on the other hand, caused the conversion of the most part of P450 to P420. This may be supported by theˆnding that the relative content of G42K to the wild-type was much higher in Western blotting than in reduced CO-spectrum ( Table 2) . From these results, it is indicated that lower e‹ciency of the proteins in the anchoring to ER membranes is mainly responsible for the lower enzyme activities of G42R and G42E, whereas the conversion of P450 into P420 in combination with the lower e‹ciency in protein anchoring causes the lower functions of G42K.
Western blot analysis revealed that the protein levels in the whole cell lysate fractions were similar among the wild-type and the mutant proteins. However, the microsomal levels (apo-plus holo-CYP) of the mutant proteins having a polar or charged amino acid residue at position 42 were lower than those of the wild-type and of the mutant proteins having a hydrophobic amino acid residue. This suggests that most of the mutant proteins having a polar or charged amino acid residue instead of glycine-42 are localized in some subcellular fractions other than ER membranes.
On the basis of kinetic parameters, it can be proposed that the substitutions of glycine-42 with the polar and charged amino acid residues markedly increased the Km values but did not change the Vmax values to similar degrees, resulting in the decrease in their e‹ciencies (Vmax W Km values). The N-terminal region, being rich in hydrophobic amino acid residues of membrane-bound type CYP enzymes, is proposed to be a signal-anchor sequence having a role in anchoring the CYP protein into the membranes. 15) In addition, the proline-rich region close to the signal-anchor sequence is thought to be important for the correct folding of microsomal CYP molecules. 15) Position 42 is close to the proline-rich region, and the substitution of glycine at position 42 with basic and acidic amino acid residues resulted in the increase of Km values of CYP proteins for DB and BTL oxidations.
In the present study, not only nonchiral DB but also chiral BTL was used as a substrate. As a matter of fact, we expected that some CYP2D6 mutant proteins might showed a diŠerent substrate enantioselectivity from that of the wild-type. In the list of kinetic parameters (Table 4) , the wild-type gave similar Km values for the oxidation of (＋)-BTL and (-)-BTL (the ratio is 0.8). G42V and G42S tended to increase the ratio (2.4 to 2.9) while G42R and G42K to decrease (0.5 to 0.6). In DB 4-hydroxylation, K m values tended to increase and V max values to decrease for the mutant proteins having a charged amino acid residue at position 42, whereas in BTL 4-hydroxylation Km values also tended to increase but Vmax to remain unchanged or slightly increase for the same mutant proteins. Therefore, it should be noted that the kinetic behaviors of the mutant proteins are diŠerent among the substrates used.
The mechanisms causing the increase in the Km values remain unclear at present. In the structures of bacterial and mammalian P450s, one or more channels are thought to exist through which substrates enter into or exit from the active site of P450 proteins. 16, 17) As an alternative possibility, if glycine-42 locates in one of access channels of the substrates into the active site of CYP2D6, it is reasonable to think that the substitution of glycine with a polar amino acid residue may interfere the entrance of lipophilic substrates into the active site of the enzyme. Further systematic studies are necessary to understand the relationship between the substitution of amino acid residues at position 42 and the increase of the Km values.
In our previous study, 7) the substitution of 34-proline with serine decreased the functional CYP2D6 contents in ER membranes, and increased the Km values 2-to 3-fold that of wild-type for DB and BTL oxidations. In the present studies, the substitution of glycine-42 with lysine as well as with arginine remarkably increased the Km values 50-to 300-fold that of the wild-type. It is not clear at present whether the mechanisms involved in the phenomena that increases the apparent K m values for DB and BTL oxidations are the same or diŠerent between P34S and G42R.
The alignment of proline-rich regions in the N-terminal sequences of microsomal CYP enzymes belonging to the families 1-3 discloses that only hydrophobic amino acid residues such as glycine, phenylalanine, leucine, isoleucine and valine are present at the position corresponding to glycine-42 of CYP2D6. 15) Therefore, it is likely that hydrophobic amino acid residues at this position are necessary for the normal functions of CYP proteins such as anchoring into ER membranes and incorporation of heme into apoproteins.
In summary, the eŠects of the substitution of glycine at position 42 with various amino acid residues on the functions of CYP2D6 were studied using DB and BTL as substrates. In reduced CO-diŠerence spectroscopy, G42K yielded mainly P420 and partially P450, whereas G42R and G42E gave mainly P450 and partially P420. Western blotting analysis revealed that the microsomal contents of G42K, G42R and G42E were lower that that of the wild-type. In kinetic studies, the Km values of G42R, G42K and G42E for DB 4-hydroxylation increased and their Vmax values decreased compared with those of the wild-type. In BTL 4-hydroxylation, the Km values of G42K, G42R and G42E were higher than those of the wild-type, whereas their Vmax values were not so much diŠerent from that of the wild-type. These results indicate that lower e‹ciency of the proteins in the anchoring to ER membranes is mainly responsible for their lower enzyme activities of G42R and G42E, whereas the conversion of P450 into P420 in combination with the lower e‹ciency in protein anchoring causes the lower functions of G42K.
